JOURNAL OF VIROLOGY, Feb. 2010, p. 1314-1325
0022-538X/10/$12.00 doi:10.1128/JV1.02075-09

Vol. 84, No. 3

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Infection with Strains of Citrus Tristeza Virus Does Not Exclude

Superinfection by Other Strains of the Virus’

Svetlana Y. Folimonova,' Cecile J. Robertson,' Turksen Shilts," Alexey S. Folimonov,'{
Mark E. Hilf,> Stephen M. Garnsey,' and William O. Dawson'*

Citrus Research and Education Center, University of Florida, 700 Experiment Station Road, Lake Alfred,
Florida 33850," and USDA-ARS-USHRL, 2001 S. Rock Road, Fort Pierce, Florida 34945

Received 1 October 2009/Accepted 9 November 2009

Superinfection exclusion or homologous interference, a phenomenon in which a primary viral infection
prevents a secondary infection with the same or closely related virus, has been observed commonly for viruses
in various systems, including viruses of bacteria, plants, and animals. With plant viruses, homologous inter-
ference initially was used as a test of virus relatedness to define whether two virus isolates were “strains” of
the same virus or represented different viruses, and subsequently purposeful infection with a mild isolate was
implemented as a protective measure against isolates of the virus causing severe disease. In this study we
examined superinfection exclusion of Citrus tristeza virus (CTV), a positive-sense RNA closterovirus. Thirteen
naturally occurring isolates of CTV representing five different virus strains and a set of isolates originated from
virus constructs engineered based on an infectious cDNA clone of T36 isolate of CTV, including hybrids
containing sequences from different isolates, were examined for their ability to prevent superinfection by
another isolate of the virus. We show that superinfection exclusion occurred only between isolates of the same
strain and not between isolates of different strains. When isolates of the same strain were used for sequential
plant inoculation, the primary infection provided complete exclusion of the challenge isolate, whereas isolates
from heterologous strains appeared to have no effect on replication, movement or systemic infection by the
challenge virus. Surprisingly, substitution of extended cognate sequences from isolates of the T68 or T30
strains into T36 did not confer the ability of resulting hybrid viruses to exclude superinfection by those donor
strains. Overall, these results do not appear to be explained by mechanisms proposed previously for other
viruses. Moreover, these observations bring an understanding of some previously unexplained fundamental
features of CTV biology and, most importantly, build a foundation for the strategy of selecting mild isolates

that would efficiently exclude severe virus isolates as a practical means to control CTV diseases.

Superinfection exclusion or homologous interference is a
phenomenon in which a preexisting viral infection prevents a
secondary infection with the same or a closely related virus,
whereas infection by unrelated viruses can be unaffected. The
phenomenon was first observed by McKinney (57, 58) between
two genotypes of Tobacco mosaic virus (TMV) and later with
bacteriophages (21, 94). Since that time, the phenomenon has
been observed often for viruses of animals (1, 13, 18, 34, 43, 47,
50, 85, 86-88, 102, 103) and plants (11, 30, 31, 32, 39, 40, 49, 77,
99, 100). In plant virology, homologous interference initially
was used as a test of virus relatedness to define whether two
virus isolates were “strains” of the same virus or represented
different viruses (58, 77). Subsequently, it was developed into a
management tool to reduce crop losses by purposely infecting
plants with mild isolates of a virus to reduce infection and
losses due to more severe isolates, which is referred to as
“cross-protection” (reviewed in references 32 and 40).

Homologous superinfection exclusion of animal viruses has
been related to several mechanisms acting at various stages of
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the viral life cycle, including prevention of the incoming virus
entry into cells (50, 86, 87), or inhibition of translation or
interference with replication (1, 47, 50, 83). Several mecha-
nisms have been postulated for homologous interference of
plant viruses, including prevention of the disassembly of the
challenge virus as it enters the cell resulting from the expres-
sion of the coat protein of the protector virus (67, 84; reviewed
in reference 10) and induction of RNA silencing by the pro-
tector virus that leads to sequence-specific degradation of the
challenge virus RNA (24, 69, 70). However, common mecha-
nisms of superinfection exclusion, expected to be associated
with the viruses of plants and animals, have not been eluci-
dated.

Citrus tristeza virus (CTV) is the largest and most complex
member of the Closteroviridae family, which contains viruses
with mono-, bi-, and tripartite genomes transmitted by a range
of insect vectors, including aphids, whiteflies, and mealybugs
(3, 6, 19, 20, 46). CTV has long flexuous virions (2,000 nm by
10 to 12 nm) encapsidated by two coat proteins and a single-
stranded RNA genome of ~19.3 kb. The major coat protein
(CP) covers ca. 97% of the genomic RNA, and the minor coat
protein (CPm) completes encapsidation of the genome at its 5
end (25, 81). The RNA genome of CTV encodes 12 open
reading frames (ORFs) (44, 64) (Fig. 1). ORFs 1a and 1b are
expressed from the genomic RNA and encode polyproteins
required for virus replication. ORF la encodes a 349-kDa
polyprotein containing two papainlike protease domains plus
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FIG. 1. (A) Schematic diagram of the genome organization of wild-type CTV (CTV9R) and its derivative CTV-BC5/GFP encoding GFP. The
open boxes represent ORFs and their translation products. PRO, papainlike protease domain; MT, methyltransferase; HEL, helicase; RdRp, an
RNA-dependent RNA polymerase; HSP70h, HSP70 homolog; CPm, minor coat protein; CP, major coat protein; GFP, green fluorescent protein.
Bent arrows indicate positions of BYV (Bp) or CTV CP (Cp) sgRNA controller elements. Inserted elements are shown in gray. (B) Scheme of
the “superinfection exclusion assay.” Young Madam Vinous sweet orange trees were initially inoculated with one of 13 tested CTV isolates. When
primary infections were established, the trees were subsequently challenged with CTV-BCS5/GFP. All inoculations were done by grafting of the
infected tissue into the stem of a tree. The positions of primary (Pri) and challenge (Chl) graft inoculations are shown. The ability of the challenge
virus to superinfect trees was determined by visual observation of GFP fluorescence in phloem-associated cells on the internal surface of bark from
a young flash starting at about 2 months upon challenge inoculation. Scale bar, 0.4 mm.

methyltransferaselike and helicaselike domains. Translation of
the polyprotein is thought to occasionally continue through the
polymerase-like domain (ORF 1b) by a +1 frameshift. Ten
3’-end ORFs are expressed by 3'-coterminal subgenomic
RNAs (sgRNAs) (37, 45) and encode the following proteins:
major (CP) and minor (CPm) coat proteins, p65 (HSP70 ho-
molog), and p61 that are involved in assembly of virions (79);
a hydrophobic p6 protein with a proposed role in virus move-
ment (20, 89); p20 and p23, which along with CP are suppres-
sors of RNA silencing (54); and p33, p13, and pl8, whose
functions remain unknown. Remarkably, citrus trees can be
infected with mutants with three genes deleted: p33, p18, and
p13 (89).

The host range of CTV is limited to citrus in which the virus
infects only phloem-associated cells. CTV consists of numer-
ous isolates that have distinctive biological and genetic char-

acteristics (38, 48, 56, 72, 74, 75, 95). Recently, a classification
strategy for CTV isolates was proposed based on sequence
similarity. Analysis of nearly 400 isolates in an international
collection revealed five major CTV genotype groups with some
isolates undefined (38). For the purposes of the present study,
strains are defined as phylogenetically distinct lineages of CTV
based upon analysis of nucleotide sequences of the 1a ORF
(38). This region of the genome shows high genetic diversity
between CTV variants, with levels of sequence identity ranging
between 72.3 to 90.3% (38, 48, 52, 74, 75; M. Hilf, unpublished
data). Using this definition, T3, T30, T36, VT, and T68 are
designated as strains. Individual virus samples are designated
as isolates of one of these strains. The ORF 1la nucleotide
sequences of isolates of the T36 and T68 strains are equally
dissimilar to isolates of the T3, T30, and VT strains, with
identities of 72.9, 73, and 72.4% and 77.6, 77.9, and 76.8%,
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TABLE 1. Examination of CTV isolates for their ability to prevent superinfection by T36-based GFP-expressing CTV virus
in two citrus hosts®

Primary inoculation

Citrus macrophylla

Madam Vinous sweet orange

Prechallenge CTV

Prechallenge CTV

Strain Isolate titer = SD GFP titer + SD GFP
T30 T30-1 3.23 £0.015 Yes 1.56 = 0.021 Yes
T55-1 2.99 + 0.019 Yes 1.31 = 0.017 Yes
T4 3.31 = 0.034 Yes 1.81 £ 0.023 Yes
FL278 2.85 £ 0.010 Yes 1.52 = 0.014 Yes
VT FL202-1 3.30 = 0.029 Yes 1.65 = 0.031 Yes
FS672 3.12 = 0.040 Yes 1.62 £ 0.025 Yes
FS674HT 2.90 + 0.026 Yes 1.48 = 0.015 Yes
FS701 3.09 £ 0.065 Yes 1.52 £ 0.011 Yes
T68 T68-1 3.38 £ 0.055 Yes 1.79 = 0.044 Yes
T3 T3 3.36 £ 0.042 Yes 1.89 = 0.032 Yes
T36 T36 3.33 £0.032 No 1.57 £ 0.021 No
T66-1 3.07 £ 0.043 No 1.45 = 0.010 No
FS577-1-8 3.42 £ 0.065 No 1.58 = 0.038 No
None 0.10 = 0.004 Yes 0.09 = 0.005 Yes

“ Trees were assayed at 6 weeks after initial inoculation by DAS-I-ELISA using CTV-specific 908 IgG as trapping antibody at 1 ug/ml concentration and ECTV 172
monoclonal antibody as detecting antibody at a 1:50,000 dilution. For the prechallenge CTV titers, the ELISA values (A44y5) are average values from three plants. The
GFP fluorescence was observed in the bark tissue of trees by using a dissecting fluorescence microscope at 2 months after challenge with T36 CTV-BC5/GFP virus.

respectively. Identities of ORF 1a range from 89.4 to 90.3%
between isolates of the T3, T30, and VT strains. Sequences of
ORF1a of isolates belonging to the T36 strain and those from
the T68 strain show 72.3% identity. This compares to a range
of 89 to 94.8% identity found in the more conserved 3’-half
regions of the genomes of isolates from different CTV strains.
Each strain is named after a “type isolate” and is composed of
isolates with minor sequence divergence (generally less than
5% throughout genome) from the type member. However,
isolates of a strain may have significant variations in symptoms
and symptoms severity. Remarkably, field trees harbor com-
plex populations of CTV, which are often composed of mix-
tures of different strains and recombinants between these
strains (36, 48, 52, 68, 75, 96, 101). The genetic basis of such
frequent coexistence of different strains within the same tree is
unknown.

CTV causes economically important diseases of citrus
worldwide. One of the most effective management tools has
been cross-protection when effective protecting isolates could
be found. Preinfection with mild isolates allows commercial
production of sweet oranges and limes in Brazil (16) and Peru
(9) and grapefruit in South Africa (92). However, identifica-
tion of protecting isolates has been empirical, difficult, and
rare. Cross-protection usually has worked only in certain vari-
eties, and the lack of effective protecting isolates has prevented
its use in many varieties and citrus growing areas (15, 41, 61,
73). In general, there has been no understanding why some
mild isolates were effective and others failed to protect. Be-
cause CTV diseases prevail in citrus growing areas worldwide,
elucidation of the mechanisms of exclusion of one CTV variant
by another one is an important goal.

In the present study we examined relationships between
different genotypes of CTV in terms of their ability to prevent
superinfection by another isolate of the virus. We show that

superinfection exclusion occurred only between minor genetic
variants of the same strain (sequence group) and not between
isolates of different strains. When isolates of the same strain
were used for sequential plant inoculation, the primary infec-
tion provided full exclusion of the challenge isolate. In all
combinations of virus isolates belonging to different strains, the
primary infection of plants with one strain had no noticeable
effect on the establishment of the secondary infection. The
results obtained here help elucidate some previously unex-
plained fundamental features of CTV biology and pose the
possibility of an existence of a novel mechanism for superin-
fection exclusion between virus variants.

MATERIALS AND METHODS

Virus isolates and inoculation of citrus trees. The Florida CTV virus isolates
used in the present study (see Tables 1 and 2) have been maintained in citrus
plants under greenhouse conditions. These plants were used as sources of virus
for subsequent graft inoculations of young trees. Genomic sequences of five
isolates are known: T36 (44, 78), T30-1 (4), T3 and T68 (M. Hilf, unpublished
data), and FS577-1-8 (S. Tatineni, unpublished data). The genotype and strain
designation of the other isolates have been determined based on genetic marker
analysis (38; M. Hilf, unpublished data). In addition to wild-type isolates, the
following isolates generated from recombinant virus constructs engineered based
on a cDNA clone of T36 (78, 80) and propagated in citrus plants were used in the
present study: CTV-BC5/GFP, containing an insertion of the green fluorescent
protein (GFP) ORF in the region between the CPm and CP genes in the CTV
genome (26); CTVIR-MCA13NR, containing a single nucleotide substitution (U
to A) that creates a corresponding amino acid substitution (Phe to Tyr) at
position 124 in the CP, removing the epitope recognized by the selective mono-
clonal antibody MCA13 (82); a set of six T36/T30 hybrid viruses bearing substi-
tutions from different regions of the T30-1 genome into the genome of T36 (3’
nontranslated region (NTR) plus p23 ORF; 3' NTR plus p23, p20, p13, and part
of p18 ORFs; p13 ORF; p18 ORF; p61 ORF; and HSP70h plus p61 ORFs as
described by Albiach-Marti et al. in reference 5); and a set of five hybrid viruses
engineered from isolates T36 and T68-1 according to the procedures described
below.

To assess superinfection exclusion, 9- to 12-month-old trees of Madam Vinous
sweet orange [C. sinensis (L.) Osbeck] or Citrus macrophylla Wester were initially
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TABLE 2. Examination of superinfection exclusion for different combinations of CTV isolates using MCA13 antibody”

Primary inoculation Prechallenge virus

Challenge inoculation Postchallenge virus

Strain Isolate titer = SD Strain Isolate titer = SD
None 0.04 £ 0.003 T68 T68-1 1.43 = 0.023
0.06 = 0.001 T3 T3 1.13 = 0.014
0.05 = 0.006 VT FL202-1 1.66 = 0.029
0.05 = 0.005 T36 T36 1.41 = 0.018
T30 T30-1 0.07 = 0.005 T68 T68-1 1.55 = 0.022
0.04 = 0.006 T3 T3 1.03 = 0.019
0.06 = 0.003 VT FL202-1 1.22 = 0.020
0.08 = 0.004 T36 T36 1.20 = 0.017
T36 CTVI9R-MCA13NR 0.06 = 0.008 T68 T68-1 1.30 = 0.020
0.08 = 0.009 T3 T3 1.02 = 0.010
0.05 = 0.006 VT FL202-1 1.49 = 0.015
0.08 = 0.006 T36 T36 0.06 = 0.005

“ Prechallenge and postchallenge virus titers were determined using MCA13 antibody as the detecting antibody as follows. For the prechallenge titers, C. macrophylla
trees were assayed at 6 weeks after primary inoculation by DAS-I-ELISA using CTV-specific 908 IgG as the trapping antibody at a 1-wg/ml concentration and MCA13
monoclonal antibody as the detecting antibody at a 1:20,000 dilution. For the postchallenge titers, the trees were assayed at 2 months after challenge inoculation using
DAS-I-ELISA as described above. The ELISA values (449s5) are averages from five plants.

inoculated by grafting of virus-infected tissue from individual source plants. At 6
weeks after inoculation, systemic tissue was assayed by enzyme-linked immu-
nosorbent assay (ELISA) to confirm the establishment of infection. Secondary
(challenge) inoculation of preinfected plants was done by inserting a second graft
of bark tissue infected with a challenge virus. When the graft healed, the upper
flushes of leaves were trimmed to induce growth of a new flush, which was then
evaluated for the ability of the challenge virus to establish systemic infection in
plants that were previously infected with a primary virus.

Generation of the CTV hybrid T36/T68 constructs. The full-length cDNA
clone of CTV T36, pCTVIR (78, 80), was the basis of all constructs in the present
study. Double-stranded CTV RNA (dsRNA) was extracted from Madam Vinous
sweet orange trees infected with isolate T68-1 according to the procedure de-
scribed by Moreno et al. (60). This dsRNA was used for cDNA synthesis by
reverse transcription and subsequent PCR amplification with Pfu DNA polymer-
ase (Stratagene) of an ~4.0-kb fragment using a pair of primers annealing to the
5" end of the CPm ORF or the 3’ end of the genomic RNA with incorporated
Notl restriction endonuclease cleavage sequence (78). Three restriction endo-
nuclease sites—BglII, PstI, and BssHII—common to the T36 and T68 sequences
(nucleotide [nt] positions 15599/15603, 17205/17209, and 18185/18189 in the
genome of T36, respectively), along with the NotI site, were used to generate
precise in-frame exchanges into the T36 infectious clone. To engineer hybrids H1
to HS, the PCR product amplified from T68-1 cDNA template was digested with
BglII and NotI enzymes (H1 hybrid), PstI and NotI (H2), BssHII and NotI (H3),
PstI and BssHII (H4), or BglIT and BssHII (HS5), respectively, and the resulting
fragments were substituted for the corresponding regions into the plasmid
pUCI119 containing a portion of T36 sequence between the Pmel site (nt 11872)
and the Notl site at the 3" end. Resulting plasmids were then digested with Pmel
(through incomplete digestion due to the second Pmel site in T68 sequence) and
Notl and ligated into Pmel- and NotI-digested pCTVIR. A graphical description
of specific hybrid constructs is given in the Results.

Amplification of virions of engineered virus constructs in Nicotiana benthami-
ana protoplasts for inoculation of citrus trees. SP6 RNA polymerase-derived
transcripts of CTV cDNAs linearized with Notl restriction endonuclease were
used for transfection of Nicotiana benthamiana mesophyll protoplasts according
to the procedure described by Satyanarayana et al. (78). Protoplasts were har-
vested at 4 days postinoculation and stored at —70°C for subsequent protoplast
passage of virions. Passaging of virions up to 11 successive cycles in protoplasts
for amplification of the virus was done as described previously by Satyanarayana
et al. (79). Accumulation of virus RNAs was monitored by Northern blot hy-
bridization of the total RNA isolated from protoplasts with a 3’ positive-stranded
CTV RNA-specific riboprobe (78). Amplified progeny virions from the final
passages in protoplasts were extracted and concentrated by sucrose cushion
centrifugation, and the concentrated virions were used for mechanical “bark
flap” inoculation of small trees of C. macrophylla as described by Robertson et al.
(71). Infected trees were later used as a source of virus for subsequent graft
inoculations of young C. macrophylla trees.

Serological assays. Double antibody sandwich indirect ELISA (DAS-I
ELISA) was performed as described previously using antibodies specific to CTV
virions (33) to confirm infection in inoculated plants and compare titers of virus
accumulation in different citrus species. Purified IgG from rabbit polyclonal
antiserum CTV-908 (1 pg/ml) was used as a coating antibody. ECTV172, a
broadly reactive CTV monoclonal antibody, or MCA13, selective monoclonal
antibody, were used as detecting antibodies.

Examination of fluorescence in citrus plants infected with GFP-tagged CTV.
Samples of bark tissue from CTV-BC5/GFP inoculated trees were examined for
GFP fluorescence at different time points beginning at 6 weeks after inoculation
using a Zeiss Stemi SV 11 UV-fluorescence dissecting microscope (Carl Zeiss
Jena GmbH, Jena, Germany) with an attached camera Olympus Q-color 5
(Olympus America, Inc., Center Valley, PA).

Analysis of virus population accumulated in citrus trees primary infected with
T36/T68 or T36/T30 hybrid viruses and challenged with T68-1 or T30-1. To
examine virus population in citrus trees, bark of a young flush was peeled and
ground with liquid nitrogen. Total RNA was extracted with the TRIzol Reagent
(Invitrogen) and subjected to a reverse transcription-PCR (RT-PCR) procedure
using the Titan OneTube RT-PCR System (Roche) and the following sets of
primers specific for the 5’ regions of T68-1 or T30-1 genomes: T68-1-5716F and
T68-1-7020R annealing to the sequence of T68-1 genome at the nucleotide
positions beginning 5716 and 7020, respectively, with the expected size of the
amplifying product of 1,304 nt, and T30-1-2F and T30-1-2R annealing to the
sequence of T30-1 genome at the nucleotide positions beginning with nt 792 and
nt 1635, respectively, with the expected size of the resulting product of 843 nt
(Hilf, unpublished). The sequences of the primers are available upon request.
The reactions were carried out according to the protocol of the manufacturer.
Reaction products were analyzed by electrophoresis in 1% agarose gels contain-
ing ethidium bromide at 200 ng/ml.

RESULTS

Ability of different isolates of CTV to prevent superinfection
by GFP-tagged CTV T36. Recently, we developed a GFP-
expressing CTV vector (CTV-BC5/GFP) based on an infec-
tious cDNA clone of CTV T36, which is the type isolate of the
T36 strain. This virus contains an extra ORF of GFP inserted
into the viral genome between the two coat protein ORFs,
under the control of the CP sgRNA controller element from
Beet yellows virus (26) (Fig. 1A). The biological characteristics
of CTV-BC5/GFP in citrus trees were essentially identical to
that of wild-type T36. Both viruses exhibited similar time in-
tervals for establishing systemic infections and produced sim-
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FIG. 2. Observation of GFP fluorescence in phloem-associated cells on the internal surface of bark of sweet orange Madam Vinous trees by
using a dissecting fluorescence microscope. (A) Bark from a noninoculated healthy tree (left) and from a tree that was inoculated solely with
T36-based CTV-BCS5/GFP (right). (B) Bark from trees primarily infected with isolates belonging to five CTV strains and sequentially challenged
with CTV-BC5/GFP. Observations were done at 2 months after challenge inoculation. Scale bar, 0.4 mm.

ilar symptoms in infected plants and appeared to be equally
competitive when inoculated simultaneously into the same tree
(26). Multiplication of CTV-BC5/GFP in different citrus vari-
eties produced GFP fluorescence, observation of which al-
lowed visualization of characteristic patterns of virus distribu-
tion in phloem-associated cells of these hosts (27). Furthermore,
CTV-BC5/GFP has been unusually stable, with continued produc-
tion of GFP in citrus trees for 6 years thus far. These features made
the GFP-expressing CTV a useful tool to examine superinfection.
In order to assess the effect of a primary infection of a host
plant with an isolate of CTV on the ability of the GFP-tagged
T36 to establish superinfection in the same host, small sweet
orange trees were first inoculated individually with each of 13
CTV isolates listed in Table 1. (Due to quarantine regulations,
only isolates of CTV naturally found in Florida can be propa-
gated in our greenhouses.) These 13 isolates represent five
different CTV strains. The primary infections were established
by grafting virus-infected tissue into the stems of receptor trees
(Fig. 1B, Pri). The upper leaves were trimmed to force the
growth of a new set of leaves. At 6 weeks after inoculation,
systemic infections of the new leaves were confirmed by
ELISA. Similar ELISA values were obtained for all 13 isolates
(Table 1), demonstrating similar levels of accumulation of the
different isolates in infected plants. The plants were then chal-
lenged by putting a second graft of bark tissue containing the
T36-based CTV-BC5/GFP (Fig. 1B, Chl). When the graft
healed, the upper leaves again were trimmed to induce another
new flush of growth. After the development of the second set

of new leaves (starting about 6 to 8 weeks after graft-inocula-
tion with the challenge virus) the ability of the challenging
virus to superinfect trees was determined by visual observation
of GFP fluorescence in the bark tissue of the new flush. As
shown in Fig. 2 and Table 1, plants that had primary infections
with CTV isolates representing the T30 (T30-1, T55-1, T4,
FL278), the VT (FL202-1, FS672, FS674HT, and FS701), the
T68 (T68-1) or the T3 (T3) strains all displayed GFP fluores-
cence similar to that observed in control plants that had no
primary infection and were inoculated only with the challenge
virus (T36 CTV-BC5/GFP) (Fig. 2). In contrast, no GFP flu-
orescence was detected in plants primarily infected with iso-
lates of the T36 strain (T36, T66-1, and FS577-1-8) (Fig. 2 and
Table 1). These isolates completely prevented superinfection
by the T36-based virus, whereas isolates representing other
strains of CTV had no interference with infection by the GFP-
tagged T36.

Interaction between CTV isolates is not host dependent.
Different varieties of citrus support different levels of accumu-
lation of CTV isolates (14; S. M. Garnsey, unpublished data)
and, as demonstrated for T36, the differences in virus titers in
different citrus hosts are correlated with the proportion of cells
infected (27). To assess the ability of CTV isolates to prevent
superinfection in a host in which a significantly higher propor-
tion of cells would become infected with the primary virus and
how the increased number of initially infected cells would
affect superinfection exclusion, the interactions of the same
isolates were examined in C. macrophylla. This variety repre-
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FIG. 3. Observation of GFP fluorescence in phloem-associated cells on the internal surface of bark of C. macrophylla trees by using a dissecting
fluorescence microscope. (A) Bark from a noninoculated healthy tree (left) and from a tree that was inoculated solely with T36-based CTV-BC5/
GFP (right). (B) Bark from trees primarily infected with isolates belonging to five CTV strains and sequentially challenged with CTV-BC5/GFP.
Observations were done at 2 months after challenge inoculation. Scale bar, 0.4 mm.

sents one of the more susceptible citrus hosts to CTV infection
and allows accumulation of the virus to high levels. Based on
the observation of GFP expression and electron microscopy
studies of tissue from T36-infected plants, we estimated that
CTV infects about 20 to 30% of phloem-associated cells in this
host (27). The primary inoculations of C. macrophylla plants
with the 13 isolates resulted in titers higher than those found in
sweet orange plants (Table 1). Two months later these plants
were challenged with the T36-based CTV-BCS5/GFP. Observa-
tion of bark tissue of C. macrophylla plants at 2 and 4 months
after challenge inoculation revealed that control plants with no
primary infection displayed strong GFP fluorescence corre-
lated with the greater number of CTV-BC5/GFP-infected foci
than that found in sweet orange plants (Fig. 3). Furthermore,
similar to the observations described for sweet orange plants,
C. macrophylla trees preinfected with isolates of T68, T3, T30,
or VT strains all showed strong GFP fluorescence, indicating
that higher levels of primary infections with other isolates did
not affect the ability of CTV-BC5/GFP to establish superinfec-
tion (Fig. 3 and Table 1). Remarkably, there appeared to be no
partial inhibition of the challenging virus by any of these iso-
lates. Even though more cells likely were preoccupied with the
primary virus, the levels of GFP fluorescence produced by the
challenge virus in these plants were found to be nearly identi-
cal to the fluorescence levels in control plants (Fig. 3). At the
same time, the T36-based challenge virus was not detected in
plants previously infected with isolates of the T36 strain (Fig. 3

and Table 1). Thus, observations made in C. macrophylla con-
firmed the findings in sweet orange.

To assess effect of extended time periods on the ability of the
challenging T36 CTV-BC5/GFP virus to maintain infection in
combinations with isolates of other strains or to establish in-
fection in trees preinfected with isolates of the T36 strain, the
C. macrophylla and sweet orange plants were maintained and
monitored for GFP fluorescence during the next 3 years. No
change in GFP production was noticed during this period of
time (data not shown).

Assessment of superinfection exclusion for different combi-
nations of primary-infecting and challenging isolates of CTV.
In the experiments described above, the only challenge virus
was the T36 strain-based GFP-tagged virus CTV-BC5/GFP. To
further evaluate the relationships between isolates of different
strains of CTV in terms of their ability to interfere with infec-
tion by another virus variant, we examined different combina-
tions of primary-infecting and challenging isolates. Because
T36 is the only isolate of CTV for which an infectious cDNA
clone and GFP-tagged virus constructs have been developed
(26, 78), an assay method based on serological differentiation
of CTV isolates with monoclonal antibody MCA13 was used to
monitor the infection of a challenging virus. This antibody fails
to react with isolates of the T30 strain but reacts strongly with
isolates of the T68, VT, T3, and T36 strains (66). Furthermore,
we recently engineered an MCA13 nonreactive variant of T36,
CTVI9R-MCA13NR, via mutagenesis of a single nucleotide in
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the coat protein (82) based on the mapped reactive epitope
(63). Thus, two viruses T30-1 and CTV9R-MCA13NR repre-
senting the T30 and T36 strains, respectively, were used for
primary inoculations of young C. macrophylla trees. At 6 weeks
after inoculation, infection of these plants was confirmed with
antibody ECTV172 commonly used to detect all CTV strains
(data not shown). At the same time plants were assayed with
MCAI13 antibody to demonstrate the lack of reaction of this
antibody with T30-1 and CTVIR-MCAI13NR (Table 2). In-
fected plants then were challenged with the MCA13 reactive
T68-1, FL202-1, T3, or T36 isolates of four different strains of
CTV, and the establishment of superinfection by those viruses
was evaluated at 2 and 4 months postchallenge using the MCA13
antibody. As shown in Table 2, positive MCA13 ELISA values
demonstrated a lack of exclusion in any of the combinations in
which the primary virus was from a strain different from that of
the challenging virus strain. The only incidence of superinfec-
tion exclusion occurred when T36 was used as a challenging
virus in plants primarily infected with CTVO9R-MCA13NR,
which represents a virus of the same (T36) strain. The lack of
reaction with the MCA13 antibody indicated that CTVI9R-
MCAI13NR completely excluded the wild-type T36 (Table 2).

Effect of homologous sequences on the ability of isolates to
prevent superinfection. The observation that superinfection
exclusion occurred only with isolates of the same strains, which
were defined based on the levels of sequence similarity, sug-
gested that RNA silencing might be a component of the ex-
clusion mechanism. Numerous examples from various virus-
host systems demonstrated that expression of homologous
sequences from a virus genome in a host can trigger sequence-
specific degradation of viral RNA, and some examples of su-
perinfection exclusion have been attributed to RNA silencing
(42, 70, 98). To examine the role of homologous sequences in
superinfection exclusion, we created a series of hybrids in
which sequences from one virus were substituted into a virus of
a different strain. Five hybrids were generated by substituting
different fragments of the T68-1 genome ranging in size be-
tween 980 and 3,697 nt and comprising ORFs of p23, p20, p13,
p18, CP, and part of CPm OREF into the T36 infectious cDNA
clone (Fig. 4A and B, hybrids H1 to HS5). These hybrids con-
tained substitutions of genes for proteins involved in virion
assembly (CP and CPm), suppression of RNA silencing (p23,
p20, and CP) and proteins with unknown functions (p13 and
p18). Another set of six T36/T30 hybrid viruses contained sub-
stitutions of the following regions of the T30-1 genome into the
genome of T36: 3’ NTR plus p23 ORF (hybrid hl); 3" NTR
plus p23, p20, p13, and part of p18 ORFs (h2); p13 ORF (h3);
pl8 ORF (h4); p61 ORF (h5); and HSP70h plus p61 ORFs
(h6) (Fig. 4C) (5). In addition to hybrid viruses with gene
substitutions similar to those described for T36/T68 hybrids,
this set included hybrids (h5 and h6) with substitutions of genes
of the two additional proteins involved in the formation of
virions (p61 and HSP70h). Each of these hybrid viruses was
used for primary inoculation of C. macrophylla plants. To ex-
amine whether introduction of T68-1 or T30-1 sequences into
T36 would elicit the ability of these viruses to exclude an
isolate of the T68 or the T30 strains, respectively, along with
T36, plants preinfected with the T36/T68 hybrids were subse-
quently challenged with T36 CTV-BCS5/GFP or T68-1, and
plants preinfected with the T36/T30 hybrids were challenged
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with T36 CTV-BC5/GFP or T30-1. Potentially, any of the sub-
stitutions, particularly substitutions of proteins functioning in
virion assembly or suppression of RNA silencing, could have
an effect on the exclusion of one virus by another virus that
contained introduced homologous regions. At 2 and 4 months
after challenge, plants were examined for GFP expression and
tested by RT-PCR with T68-1- or T30-1-specific primers for
the T36/T68 or T36/T30 sets of plants, respectively (Fig. 5).
The RT-PCR primers used in this experiment were designed
based on the 5’ end sequences of T68-1 or T30-1 genomes in
order to detect replication of the T68-1 or T30-1 challenge
isolates but not the respective hybrid viruses bearing fragments
from the genomic sequences of those isolates.

Both sets of hybrid viruses excluded superinfection by the
T36 isolate. No GFP fluorescence was observed in plants pre-
infected with any hybrid viruses and later challenged with
CTV-BC5/GFP when plants were examined at different time
points (two and 4 months after challenge inoculation and
thereafter during the next 2 years) (the results are not shown).
Surprisingly, primary infection of plants with any T36/T68 or
T36/T30 hybrid viruses did not interfere with the establishment
of infection by T68-1 or T30-1, respectively, which was con-
firmed by obtaining T68-1- or T30-1-specific RT-PCR products
identical to the RT-PCR products obtained from control
plants that were inoculated only with T68-1 or T30-1 isolates
(Fig. 5). Moreover, multiplication of the T68-1 or the T30-1
challenge viruses in trees preinfected with the T36 isolate or
the T36/T68 or the T36/T30 hybrids, respectively, was compa-
rable to their multiplication in trees with no primary infection,
which was demonstrated by using serial dilutions of RNA ex-
tracted from tested trees to amplify challenge isolate-specific
RT-PCR fragments (Fig. 5). Thus, sharing of homologous se-
quences within the 3" portion of the CTV genome by two
viruses did not trigger the ability of one virus to exclude su-
perinfection by another.

DISCUSSION

Results obtained from the experiments in which interactions
of several different combinations of primary and challenging
viruses were evaluated by observation of GFP expressed from
a challenge virus or by ELISA with a differentiating antibody
demonstrated that CTV isolates that have established a sys-
temic infection in citrus trees prevent superinfection by an
isolate of the same strain, but not by isolates from different
strains. Exclusion among isolates of the same strain of CTV
was absolute, while isolates from different strains demon-
strated a complete lack of exclusion. Furthermore, with the
GFP-marked virus used as a challenge virus, we saw no differ-
ence in the proportion of cells infected or in the intensity of
GFP fluorescence per infected cell in trees infected initially
with isolates of heterologous strains compared to inoculation
of trees with no primary infection. The isolates of heterologous
strains that were established initially appeared to have no ef-
fect on infection, movement, and replication of the challenge
virus. In addition, when trees were initially infected and later
challenged with isolates belonging to the same strain, there was
no evidence of infection and replication of the challenge iso-
late in any of the trees. This contrasts with reports for other
viruses, which demonstrate that, in general, depending on the
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FIG. 4. (A) Schematic diagram of the genome organization of wild-type CTV T36 (T36 CTVIR). (B and C) Schematic representations of the
T36/T68 and T36/T30 hybrid constructs, respectively. The open boxes represent ORFs and their translation products. PRO, papainlike protease
domain; MT, methyltransferase; HEL, helicase; RdRp, an RNA-dependent RNA polymerase; HSP70h, HSP70 homolog; CPm, minor coat
protein; CP, major coat protein. Gray and black boxes indicate the T68 or the T30 sequences substituted within the T36 genome, respectively.

relatedness of the isolates, superinfection exclusion may be
partial, resulting in prevention of a secondary isolate infection
only in some of the plants (29, 30, 35, 91, 100).

The complete exclusion that occurs between similar isolates
is unexpected considering that CTV infects only a portion of
the phloem-associated cells (27). The proportion of cells that
become infected varies with the different citrus genotypes.
Based on previous experiments, C. macrophylla is the most
susceptible, with perhaps only one-third or less of the phloem-

associated cells infected, whereas significantly fewer cells of
sweet orange become infected upon CTV infection (27). How-
ever, superinfection exclusion was absolute even in sweet or-
ange in which most of the phloem-associated cells were not
infected by the primary isolate. This result suggests that super-
infection exclusion was not limited to the infected cells, but the
majority of cells that were not infected also were protected.
Thus, the exclusion phenomenon must be able to spread be-
yond the infected cells.
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FIG. 5. Detection of T68-1 (A) and T30-1 (B) multiplication upon challenge inoculation of C. macrophylla trees with no primary infection or
preinfected with T36 or T36/T68 (H1 to HS) or T36/T30 (h1 to h6) hybrid viruses, respectively. At 2 months after challenge the total RNA was
extracted from tested trees. RT-PCR amplification of viral sequences was carried out by using fivefold serial dilutions of RNA (1/5X, 1/25X,
1/125X%, 1/625X, and 1/1,250X [lanes 1, 2, 3, 4, and 5 on the gel pictures, respectively]) and oligonucleotide primers specific for the 5’ regions of
the T68-1 or T30-1 genomes, respectively. Reaction products were analyzed by electrophoresis in 1% agarose gel. Images of the agarose gels are
shown for RNA samples extracted from T68-1-challenged trees with no primary infection or trees preinfected with T36/T68 hybrids H1 and H5
in panel A and for RNA samples extracted from T30-1 challenged trees with no primary infection or trees preinfected with T36/T30 hybrids h2
and h6 in panel B. Arrows indicate positions of RT-PCR products. The results obtained for other hybrid viruses used for initial inoculations of
trees are presented in a table format. +, indicates amplification of the challenge isolate-specific RT-PCR product; —, lack of amplification of the

product.

CTV may be somewhat unique among viruses because of the
rather large differences in nucleotide sequences among isolates
of different strains, which vary in an unusual manner. The 3’
halves of the genomes of the more dissimilar isolates may differ
by only 10%, but the 5’ halves progressively become more
dissimilar. After examination of many different CTV isolates, it
was found, based on sequence analysis of the more diverged 5’
half of the genome, that they generally fall into phylogeneti-
cally distinct sequence groups, which have been defined as
strains (38). This grouping reflects the pattern of exclusion
seen experimentally, suggesting the sequence divergence in
this region of the genome may affect intervirus interactions,
resulting in the complete lack of superinfection exclusion be-
tween isolates of different CTV strains. This result contradicts
the premise of one of the original uses for superinfection
exclusion as a measure of relatedness of unknown viruses, in
which nonexcluded viruses were identified as different viruses
(55). Clearly, that is not the case with CTV. Superinfection
exclusion defines excluding CTV isolates as members of the
same strain and not different strains.

Results presented here provide a possible explanation of
some fundamental features of CTV population biology. Iso-
lates of CTV from field trees tend to be complex populations

of different strains plus numerous defective RNAs. In addition,
some CTV sequences have been shown to have putative re-
combination sites, suggesting that they were derived from two
different strains (36, 48, 52, 68, 75, 96, 101). However, it is
paradoxical that the sequences of CTV isolates appear to be
unusually stable. For example, two isolates of the T30 strain,
one from Spain and the other from Florida, estimated to have
a common origin but separated for approximately 100 years,
were found to be essentially identical (4). Also, we have found
that virus isolates generated from infectious cDNA clones and
maintained in trees for up to 10 years had essentially no nu-
cleotide changes (Z. Xiong et al., unpublished data). Further-
more, engineered virus constructs bearing an insertion of a
foreign gene (GFP) were stably maintained during 6 years of
replication in infected trees (26; unpublished data). Superin-
fection exclusion has been suggested as a means to maintain
stability of viral sequences due to the elimination of multiple
related sequences arising through the process of mutation
and/or recombination, while reducing the likelihood of the
latter event by preventing replication of two or more viral
genomes in the same cell (28). It is possible that superinfection
exclusion controls the evolution of CTV isolates by fostering
extensive genetic changes through recombination between
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coinfecting isolates of distinct strains while repressing small
changes due to replication errors.

Superinfection exclusion, referred to as cross-protection
when used as an agricultural practice, has been an effective
management procedure that has allowed economic production
of citrus in some regions in which endemic severe isolates of
CTV made citrus production unprofitable. Stem pitting, a CTV
disease syndrome, causes the eventual decline of trees due to
a loss of vigor that leads to the production of small unmarket-
able fruit and may cause tree death. Cross-protection, when
possible, has been used to allow commercial viability of citrus
plantings. It has been most widely used in Brazil, where more
than 50 million Pera orange trees are protected (16). It also is
widely used in South Africa, Peru, and Australia (9, 17, 93).
However, finding protecting isolates has been empirical and
rarely successful. The strategy has been to find mild isolates
and test them for the ability to protect against severe isolates in
different citrus varieties. This requires years of evaluation, and
most isolates fail to protect. However, based on the results
presented here, finding protecting isolates now may be rela-
tively straightforward. The first objective is to identify the
strain of the severe isolate that needs to be controlled. Then, a
mild isolate from that same strain needs to be found. If such an
isolate does not occur naturally, it is possible through recom-
binant DNA methodologies to map the disease determinant(s)
of the severe isolate and substitute sequences from a mild
isolate of a different strain, as we have done for the decline
strain in Florida (5). The resulting mild isolate should exclude
the severe isolate.

Alternatively, for some other applications it would be valu-
able to be able to prevent the exclusion of second virus isolate.
For example, in the medical and veterinary fields for repeated
applications of vaccines to individuals with persistent infec-
tions, for the introduction of multicomponent vaccines, or for
gene therapy it would be useful to be able to overcome the
exclusion (22). Similar applications could be important for
crops protection. The CTV vector used in the present study
(26) is sufficiently stable to be considered as a vehicle to deliver
any candidate proteins to protect citrus in the field. If exclusion
could be prevented, the vector with a different foreign gene
could be added again at a later time.

Since homologous superinfection exclusion is a phenome-
non of viruses from both the animal and plant kingdoms, it
would be expected that there would be some common mech-
anisms. In animal systems, exclusion has been related to pre-
vention of the secondary virus from entering cells (50, 86, 87),
inhibition of translation, or interference with replication (1, 47,
50, 83). Plant viruses do not have specific cell surface receptor
recognition processes for entering cells, so an occurrence of a
common mechanism at this level of virus infection should not
be expected. Alternatively, commonality could exist at the
stage of virus replication. Since CTV replicase is translated as
a polyprotein that is thought to be processed by viral leader
proteases (20, 44, 51, 65), particularly attractive is a hypothesis
proposed for Sindbis virus, which relates superinfection exclu-
sion to excess of trans-acting protease produced by the primary
virus that fully processes the replicase polyprotein of the sec-
ondary virus and thus prevents negative strand synthesis of the
challenge virus (47, 88). However, this mechanism would ap-
pear unlikely for CTV since uninfected cells, which would not
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be expected to have the protease of the primary virus, also
appear to be protected. Another model of a superinfection
exclusion mechanism was described for isolates of tobamovi-
ruses. Exclusion of the incoming virus was shown to be due to
excess of the primary virus coat protein preventing uncoating
of the secondary virus (8, 53, 84). However, because of the
apparent protection of uninfected cells of a citrus host against
secondary infection by a related CTV isolate, this “reincapsi-
dation” model also appears to be an unlikely explanation for
the phenomenon reported here. Moreover, the substitution of
coat protein genes in engineered CTV hybrids did not affect
superinfection exclusion as shown for strains of tobamo- and
potyviruses (8, 91). Other mechanisms acting at steps of trans-
lation or replication also would have to be effective in unin-
fected cells to be relevant to the process of CTV interference.
One such mechanism implicated in superinfection exclusion of
several plant viruses and a few animal viruses is RNA silencing
(2,7, 12, 70, 98). RNA silencing, which has been shown to be
a major host defense mechanism against viruses in plants and
in invertebrate animals, can be induced systemically in both
infected and uninfected cells (59, 62, 76, 92, 97). The mecha-
nism targets nearly identical RNA sequences and, thus, intro-
duction of homologous sequences, in some cases as short as 23
nucleotides, into genomes of heterologous viruses has been
shown to induce degradation of RNA molecules containing
these sequences (42, 70, 90, 98). These characteristics parallel
the observations of superinfection exclusion of CTV and could
explain the exclusion of closely related isolates and lack of
exclusion of isolates of distinct strains. However, this model
does not explain how hybrid viruses containing exact cognate
sequences up to 3.7 kb in size from isolates of different strains
failed to exclude the donor isolates. However, it must be noted
that the substitution of homologous sequences only occurred
in the 3’ half of the genome.

Prior infection of citrus trees with CTV completely pre-
vented superinfection by an isolate of the same strain, not only
in infected cells but also in the uninfected phloem-associated
cells. Interestingly, “transmission” of resistance to superinfec-
tion from persistently infected to uninfected cells has been
shown for an animal virus (23), which also argues for possible
common mechanisms driving superinfection exclusion of both
animal and plant viruses. Possible mechanisms that involve
only cells that are infected, such as inhibition of disassembly,
replication, or translation of an incoming virus, appear not to
be relevant explanations of this phenomenon. Similarly, super-
infection exclusion by CTV appears not to be explained based
on an RNA silencing model. Thus, it appears that the super-
infection exclusion phenomenon may be due to a biological
mechanism that is yet to be determined.
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